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ABSTRACT
The bipolar collimated outflows of the Hb4 Planetary Nebula (PN) exhibit an evident decrease
in their expansion velocity with respect to the distance from the central star. So far, similar
velocity law has also been found in Herbig-Haro objects. The interpretation of this peculiar
velocity law and the classification of the outflows is the main focal point of this paper. High
dispersion long-slit echelle spectra along with high resolution images from Hubble Space
Telescope (HST) are applied in the astronomical code SHAPE in order to reproduce a three-
dimensional morpho-kinematicalal model for the core and the bipolar outflows. Its central
part shows a number of low-ionization filamentary structures (knots and jets) indicative of
common-envelope PNe evolution and it is reconstructed assuming a toroidal structure. The
high-resolution HST [N II] image of Hb4 unveils the fragmented structure of outflows. The
northern and southern outflows are composed by four and three knots, respectively, and each
knot moves outwards with its own expansion velocity. They are reconstructed as string of
knots rather than jets.This string of knots is formed by ejection events repeated every 200-
250 years. Hb4 displays several indirect evidence for a binary central system with a [WR]
companion evolved through the common envelopes channel.The observed deceleration of the
knots is likely associated with shock collisions between the knots and the interstellar medium
or nebular material.
Key words: Planetary Nebula: general – Individual objects: Hb4 – ISM: kinematicals and
dynamics
1 INTRODUCTION
In a general description, a Planetary Nebula (PN) is an emission
nebula consisted of an expanding bright shell of gas ionized by the
strong UV radiation field of the central white dwarf. It is formed
when an evolved, low-to-intermediate mass star (1-8 M) expels
its outer layers in the Asymptotic Giant Branch (AGB) phase, in
the form of a slow (10 km s−1) and dense stellar wind (10−4 M)
at a high mass loss rate. Then, this material interacts with a fast
(∼1000 km s−1) and tenuous stellar wind resulting in the forma-
tion of spherical PNe based on the assumption that both are spher-
ically symmetric (Interacting Stellar Wind Model - ISWM; Kwok
et al. 1978).
However, the majority of PNe exhibit a diversity of aspherical
structures (e.g. elliptical, bipolar; Schwarz et al. 1992; Boumis et al.
2003, 2006; Sahai et al. 2011;Weidmann et al. 2016). The interac-
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tion between an AGB wind with high density difference between
the poles and the equator with a spherically symmetric fast wind
can explain the formation of aspherical PNe (Generalized ISWM;
Balick 1987; Icke 1988). Common envelopes around binary sys-
tems provide the necessary density difference between the polar
and equatorial directions on the AGB wind (e.g. Livio & Soker
1988) ensuing the formation of bipolar PNe (e.g. Frank et al. 2018;
García-Segura et al. 2018).
An interesting case of PN due to its peculiar morphol-
ogy and kinematical properties is Hb4 (G003.1+02.9; α2000:
17h41m52.7s, δ2000: −24◦42′08.0′′). It is located in the Galac-
tic Disk, with an estimated distance of 2.88 ±0.86 kpc (Frew et al.
2016). Gaia DR2 gives a parallax of 0.435±0.189 mas 1 (Gaia
Collaboration 2018). Bailer-Jones et al. (2018), using a statistical
1 the astrometric excess noise is lower than 1 which implies a reliable par-
allax measure, but due to the high fractional parallax error, the inverse par-
allax does not provide a reliable distance estimate.
© 2018 The Authors
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approach, estimate its geometric distance to 2.55 kpc with 1σ min-
imum and maximum bounds of 1.57 and 5.29 kpc, respectively.
Sahai et al. (2011) classify Hb4 as a multi-polar nebula with
irregular structure and barrel inner region. At the outer parts, it also
shows a pair of collimated, detached jets or elongated knots mov-
ing with a velocity of ∼150 km s−1(López et al. 1997). Rabaça
et al. (2003) reported a faint secondary bipolar structure, close to
the central part, aligned with the minor axis, a feature that in the
end implies poly-polarity for this nebula (see their, figure 1).
Hb4 is also identified as Type I PN in Peimbert’s scheme due
to its high N/O abundance ratio (Peña et al. 2017). The abundance
discrepancy factor of singly ionized oxygen is found to be equal
to 3.7 (García-Rojas et al. 2013), which may be indicative of a bi-
nary central star (Corradi et al. 2015). Its nucleus is classified as
hydrogen-deficient star of [W03] class by Acker & Neiner (2003)
and of [WC4] class by Górny et al. (2004). A possible link between
jets and knots with binary systems or [WR] central stars in PNe has
also been proposed (Miszalski et al. 2009).
The most striking characteristic of Hb4 on which this paper
focuses, is the pair of bipolar collimated outflows (López et al.
1997; Hajian et al. 1997), protruded from both sides of the main
plane of the nebula, displaying a spectrum of low-ionization struc-
tures (LISs; Gonçalves et al. 2001, Akras & Gonçalves 2016) rel-
ative to the rest of the nebula (Corradi et al. 1996). These two out-
flows exhibit Hα/[N II] 6584 Å line ratio of ∼1.10 (northern) and
∼1.20 (southern), in contrast with the value of 3.29 of the core
(López et al. 1997), which is expected, since this ratio is much
stronger in the outflows than in the core, as already has been men-
tioned in low- ionization structures (Akras et al. 2017). According
to López et al. (1997), the systemic heliocentric radial velocity is
Vsys =−58.9 km s−1, while the expanding velocity of the shell
that surrounds the core of Hb4 is Vexp ' 21.5 km s−1. This is in
good agreement with the calculated values of Vexp = 23±2 km s−1
(Robinson et al. 1982) and Vexp = 23±4 km s−1 (Danehkar 2014),
respectively.
López et al. (1997), in their kinematical analysis on Hb4 mod-
elled the outflows as bow-shocks. On the other hand, Danehkar
(2014) defined these structure as "point-symmetric thin knots". Ha-
jian et al. (1997) suggested that the southern outflow of Hb4 could
be defined as jet, while for the northern structure they proposed the
term FLIERS (fast, low-ionization emission regions; Balick et al.
1993) due to the knots’ size, peculiar velocities and almost sym-
metric placement on opposite sides of the central star.
FLIERS are low ionization microscopic structures (∼1′′)
within PNe in the shape of knots, jets, filaments, etc. They are
usually found in pairs, exhibit equal but opposite velocities with
respect to the nebula’s systemic velocity. According to Gonçalves
et al. (2001), FLIERS fall into the general category of LISs, i.e.
small scale, low-ionization structures which cover a wide range of
expansion velocities from few tens to hundreds of km s−1. There-
fore, considering their kinematical behaviour, LISs can be sepa-
rated into FLIERS as we mentioned above, BRETS (bipolar rota-
tion episodic jets; Lopez et al. 1995), or SLOWERs (slow mov-
ing, low ionization emitting regions; Perinotto 2000). The nature of
LISs is still an open question. They exhibit very similar morpholo-
gies, kinematicals and emission line spectra to many Herbig-Haro
(HH) objects, which are primarily heated and excited by collisions
(Balick et al. 1993, 1998). It has been recently shown that a combi-
nation of photo-ionization by the strong UV radiation of the central
stars and shock interactions of the LISs with the surrounding neb-
ular material can explain their spectral characteristics (e.g. Raga
et al. 2008; Akras & Gonçalves 2016; Akras et al. 2017).
In this paper new spectroscopic data of Hb4 along with high
resolution HST optical images are applied in the astronomical code
SHAPE with the aim to clarify the morphology and kinematical
behaviour of the two bipolar outbursts in question, through the pro-
duced 3D model of the core and the outflows of Hb4. Our focus on
the outflows is motivated by the observational spectrum in which an
unusual decrease of the expansion velocity is observed as a function
of distance from the core. This analysis can give feedback for the
origin of these outflows, and subsequently for the mass loss mech-
anism during the evolution of the nebula that produced them. The
observations and data analysis are described in Section 2. SHAPE
modeling and the results of the morpho-kinematical models are pre-
sented in Section 3 and 4 respectively. The results of this work are
discussed in Section 5, and we end up with the conclusions in Sec-
tion 6.
2 OBSERVATIONS
2.1 High resolution imaging
The optical image used (Figure 1) was obtained from the Mikul-
ski Archive for Space Telescopes, from observations made with the
Hubble Space Telescope (HST) on October 28th 1996 (Borkowski
1996). The detector was the Wide Field Planetary Camera 2
(WFPC2) with 800×800 pixels, each one with 15 µm size. The
field of view was 2′.5 × 2′.5 and the image scale 0′′.1 pixel−1.
For the needs of the presented probe we used the narrow-band filter
F658N (λc=6591 Å) with an exposure time of 400 sec.
2.2 High-dispersion long slit spectroscopy
The observed long slit echelle spectra were obtained in March 2015
at the 2.1 m telescope in San Pedro Martir National Observatory,
Mexico, with the Manchester Echelle Spectrometer (MES-SPM;
Meaburn et al. 2003). This spectrometer has no cross dispersion.
Hα 6563 Å and [N II] 6548,6584 Å nebular emission lines were
isolated by the 87th echelle order. Since the Hα emission line fea-
tures have similar morphology to that of the [N II], we present here
only the latter for comparison reasons with the data of López et al.
(1997).
The Marconi E2V 42-40 camera, with 2048 × 2048 squared
pixels, each with 13 µm was the detector. Two times binning was
used in both the spatial and spectral dimensions which resulted in
0′′.35 pixel−1 spatial scale. The 1076 increments gave a total pro-
jected slit length of 5′.12 on the sky. The slit width used was 150
µm (10 km s−1 and 1′′.9 wide), and was oriented at Position Angle
(hereafter P.A.) of 22◦ along the axis that connects two outflows,
as seen in Figure 1(a) (slit S4). The exposure time for each spec-
trum in each filter was 1800 sec. The data were analysed in the
typical way using the IRAF software package. The spectra were
calibrated in heliocentric radial velocity (Vhel) to ±2.6 km s−1
accuracy against spectra of a thorium/argon lamp. The atmospheric
seeing was varying from 1 to 1.5 arcsec during the observations.
3 SHAPE MODELLING
Most morphological information of PNe comes from imaging ob-
servations, but can be complemented with kinematicals that is ob-
tained from the spectrum through the produced Position-Velocity
(PV) diagrams. For the three-dimentional visualization of Hb4, we
used the code SHAPE (Steffen & López 2006; Steffen et al. 2011)
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which has been extensively used to study the morpho-kinematical
structure of planetary nebulae (e.g. Akras & Steffen 2012; Clyne
et al. 2015; Akras et al. 2016). SHAPE provides a list of tools
(structural or physical) that allow us to construct the 3D morphol-
ogy and reproduce the kinematical structure of an extended object,
in this case a PN. The synthetic output image and PV diagram gen-
erated by our model are qualitatively compared with the observa-
tional data. The modification of the model structure continues until
the synthetic image and PV diagram reproduce adequately the ob-
served images and PV diagrams respectively.
4 RESULTS
The HST [N II] 6584 image in Figure 1 displays the morphology of
Hb4. Figure 1(a) clearly shows the central bright ring of the nebula,
the fainter roughly elliptical structure that surrounds that annular
core, as well as a number of filaments and low-ionization struc-
tures. The three parallel slits positions of López et al. (1997) (S1-
S3) oriented in the east-west direction and that of our observations
at a P.A. of 22◦ (S4) are also displayed. Figure 1(b) emphasizes on
the collimated outflows which, in Section 4.3, are characterized as
"knots".
The elliptical structure, inside of which the main core is lo-
cated, consists of a major and a minor axis, with projected lengths
of approximately 15′′and 6′′, respectively. This structure in the
periphery of the main ring, has a non-uniform shape which may
indicates (a) strong stellar winds interaction with the interstel-
lar/circumstellar medium or (b) an explosion preceded the final
ejection of the gaseous shell.
The bipolar outflows, which is the main subject of this paper,
are ejected on both sides of the nebula, and are not perfectly aligned
with respect to each other. The direction away from the central star
of the northern outflows is tilted by approximately ∼5◦ with re-
spect to that of the southern one, in agreement with López et al.
(1997).
For the classification of the fast moving outflows two cases are
considered: a) as jets and b) as string of knots. In both assumptions,
we consider the same model for the core of the nebula, which we
present directly in the following Section.
4.1 Modelling the Hb4 core
In order to represent the outflows of Hb4 by the use of the code
SHAPE, it was necessary to also reconstruct the main core of the
nebula, in order the core to constitute the point reference for the
distances of the knots from the central star.
The best-fitted model deduced from SHAPE, reproduces the
core of Hb4 as a toroidal component. Figure 2(a) displays the
mesh structure of the synthetic torus positioned on the HST image
along with the observational slit position (two vertical lines of 1′′.9
width). The image scale is the same as that in Figure 1(b). There are
also displayed the two groups of knots, which are described in Sec-
tion 4.3, along with the symmetry axis perpendicular to the plane
of the core (orange line). The slit is at a PA of 22◦ with respect
to the North, while -as derived from our SHAPE model- the major
axis of the torus is at an angle of 107◦ relative to the North, the an-
gular size of the torus is 7 arcsec and its mean expansion velocity
is 14±5 km s−1.
Figure 3(a) displays the observational PV diagram of Hb4 in
the [N II] 6584 emission line, in a low contrast that features the
core’s spectrum. Figure 3(b) illustrates the synthetic PV diagram
of the torus obtained with SHAPE, which reproduces very well the
observational PV. The colored areas in the synthetic spectrum rep-
resent the northern and southern parts of the core which are red-
shifted and blue shifted, respectively.
Having the representation of the nebula’s core, we continue
with the two scenarios for the clarification of the outflows.
4.2 Outflows as "Jets"
What makes Hb4 intriguing is that, according to the observational
PV diagram (Figure 4(b), grey-scale representation), the most dis-
tant parts of the outflows seem to move outward more slowly than
the closer ones with respect to the main core of the PN, which
does not agree with previous finding in PNe (e.g. Riera et al. 2002;
Vaytet et al. 2009) or either from jets (e.g. Corradi et al. 1999;
García-Segura et al. 1999).
Nevertheless, a similar "abnormal" behaviour is reported in
Devine et al. (1997) where the observed outflows are eventually
described as a chain of Herbig-Haro objects of complex morpholo-
gies, and radial velocities which systematically decline with in-
creasing distance from the core of HH34 IRS. A similar expansion
law – exponentially decrease with the distance from the central star
– has reported in IRAS 18113-2503 (Orosz et al. 2018) and it is at-
tributed to the interaction between the outflow and the circumstellar
envelope decelerating the gas.
Therefore, in the case of Hb4, the first scenario of uniform jets
with a linear increase of velocity with the distance from the main
core fails to reproduce the observations. This result reinforces the
second scenario that the outflows are likely separated substructures,
each one of which has jumped out of the core with its own velocity
at different explosion events.
4.3 Outflows as "knots"
The second hypothesis for the morphology of the outflows, is to
consider them as string of separated knots.
The first indication for this, was the difference between the
substructures that were captured in our slit position from the obser-
vations of 2015, and those that were present in the slits positions
in the paper of López et al. (1997) (see Figure 1(a)). We noticed
that the microstructures presented in our observations, were absent
from López et al. (1997). This suggests that the outflows are likely
not uniform structures, but depending on the slit position and orien-
tation, different fragments shed from the PN are able to be detected.
The second indication, which was quite unambiguous, came
from the high resolution HST optical image. In Figure 1(b), where
Hb4 is illustrated in the [N II] 6584 emission line, the fragmented
nature of the outflows seems to be obvious. From that image -and
the echelle spectra as explained in the following paragraph- the
knots contained into slit S4 that were identified according to the
available resolution, are knots 1-4 in the northeastern outflow and
knots 5-7 in the southwestern outflow. Knot 8 which is also labelled
on the image, is not included in slit S4, and it is explained analyti-
cally in Section 5.
The third indication came out from the contours in the ob-
servational PV diagrams. In Figure 4(a) the PV diagram of Hb4
is illustrated in the [N II] 6584, along with the contour map. The
contours parameters were chosen according to the counts of the
knots, not the core’s, which explains the difference in the contour
curves we see in the plot. The formed contours on the outflows are
an indirect but adequate proof that these outflows are not an undi-
vided structure, but they consist of many individual substructures
MNRAS 000, 1–10 (2018)
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Figure 1. HST image of Hb4 in [N II] 6584 emission line in low and high greyscale representation (logarithmic scale). a) Emphasis is given on the central main
ring and the elliptical structure around it. Also displayed the three parallel slits of López et al. (1997) (S1-S3) along with the slit position of our observations
(S4). b) Labelled knots on both sides of the central PN included within the slit S4, apart from knot 8 (see Section 5).
Figure 2. a) Superposition of HST [N II] 6584 image along with the slit
position and the produced SHAPE model of the core, the knots for Hb4 and
the symmetry axis perpendicular to the plane of the core (orange line). The
scale is the same as in Figure 1(b). b) The same model without the HST
image, and with the two cones which define the area of the knots’ emission
from the core.
in different distances relative to the main star, and with different
velocities. Again, the labelled vectors indicate the position of each
knot -included into the slit S4- in the observational PV diagram.
Taking into account the above indications, the scenario of a
string of knots is in favour. Therefore, having as a fact that the colli-
mated outflows in Hb4 are fast moving detached knots receding on
both sides of the core of the PN, we proceeded to the representation
of the knots with SHAPE as small spheres, each one of which fol-
lows a linearly decreasing velocity law towards the distance from
the central star.
Figure 2(a) illustrates the superposition of the HST [N II] 6584
image along with the 3D mesh of the final model of Hb4, where the
outflows are considered as group of separated knots. Furthermore,
it displays the axis of symmetry of the system perpendicular to the
plane of the torus (orange line), as well as the model for the torus, as
this was described in Section 4.1. All of these structures were pro-
duced with the SHAPE code.Information about the knots’ position
derived from the SHAPE model (distance from the nuclear center
and projected angle of ejection with respect to the main axis) along
with the velocities for the knots and torus, are presented in Table 1.
In this table, the expansion velocity Vexp = Vhel − Vsys, is derived
from the observational data and is the velocity with which every
structure of the PN is moving relative to its center, where we con-
sider the velocity equal to zero. The orientation of Vexp is along the
line of sight, i.e. inwards the page along the z axis (see Figure 2(a)).
The velocity law in SHAPE is V = B rro , where r and ro are given
in arcsec. In Table 1, B stands for the outflow velocity (Vout) given
in km s−1, is a velocity derived from the model and its direction is
along the symmetry axis of the PN (see Figure 5(c)). The projec-
tion of Vout, is the expansion velocity. In Figure 2(b) is displaced
the same SHAPE model for the whole system along with the two
cones, each one of radius 7 ′′and height 16.5 ′′. These cones indi-
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Figure 3. (a) Observational PV diagram of the core of Hb4 in the [N II] 6584 emission line (slit S4). (b) The synthetic PV of the core obtained with SHAPE,
overlaid on the observational one. The red and blue shifted regions of the core indicate the radial expansion of the core of Hb4.
Figure 4. (a) Observational PV diagram in the [N II] 6584 emission line of Hb4 along with the contours lines and the positions of the knots included into the
slit S4 (in linear scale). (b) Superposition of the observational and the, produced with SHAPE, synthetic PV diagram.
cate the region within which the emission of the knots is assumed
to have taken place.
For the better understanding of the knots’ position in 3D
space, four images are presented in Figure 5, where our model is
viewed from four different angles. In Figure 5(a), Figure 2(b) is
displaced again for comparison reasons, axis z points inwards the
page. Figure 5(b) is like seeing Figure 5(a) from the right. Figures
5(c) and 5(d) present our model in free-form angles. The knots with
the same color are assumed to consist pairs of emitted knots, as it
is discussed in Section 5.
The synthetic PV which corresponds to this final model is
shown in Figure 4(b) in colored-scale, along with the observational
PV in gray-scale. Indeed, this model gives a synthetic PV which is
in a very good agreement with the observational one, since in the
locations that -according to the contour map- there is a knot, there
is also a knot in the produced PV, too. This result clearly verifies
the assumption for the "knots" model, this time from a spectrum-
analysis perspective.
5 DISCUSSION
In this paper, we study the morpho-kinematical structure of Hb4
PN using new echelle spectroscopic data, high resolution HST im-
ages and SHAPE code. Hb4 displays a complex, multi-polar inner
structure with a pair of seemingly collimated outflows. A bright
fragmented ring-like structure is apparent together with an ellip-
soidal component in the direction northwest-southeast (Fig.1 (a)).
In addition, a number of small scale features (knots) and fil-
aments are also identified. We reckon that they exhibit a low-
ionization spectrum similar to LISs (Gonçalves et al. 2001; Akras
MNRAS 000, 1–10 (2018)
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Figure 5. The produced SHAPE model of the core and the knots for Hb4, as it is displaced from four different angles. The orange line is the symmetry axis of
the PN, perpendicular to the plane of the torus. The two cones demarcate the areas within which the knots are assumed to have been expelled from the core. In
(c) image, the colored vectors represent the direction of Vout for each knot.
Table 1. Velocities and Kinematical ages of the torus and the different knots. The distance of each knot from the nebular center as long as the projected angle
of ejection of each knot with respect to the main axis, as derived from the SHAPE model, are also presented. The systemic velocity is Vsys = -59 km s−1.
Component Distance Angle Vhel Vexp Vout Kinematical age
(arcsec) (degrees) (km s−1) (km s−1) (km s−1) (years)
torus −72,−44 −13,15 15±2 3190±1090
knot 1 14.87±1.48 4.8 2.4 61 185±15 1100±390
knot 2 16.55±1.66 2.3 101 160 255±8 887±305
knot 3 12.08±1.21 3.0 26.4 85 260±20 635±224
knot 4 10.61±1.06 4.0 62 121 365±20 397±140
knot 5 12.42±1.24 8.0 −160 −101 −390±10 434±150
knot 6 13.88±1.40 8.3 −140 −81 −290±20 660±232
knot 7 15.24±1.52 7.5 −117 −58 −185±25 1125±417
knot 8 16.38±1.64 2.0 −219 −160 −251±10 890±309
& Gonçalves 2016). Similar kind of fragmented equatorial rings
and equatorial LISs have also been found in several other PNe, e.g.
the Eskimo nebula (García-Díaz et al. 2012) or the Necklace nebula
(Corradi et al. 2011). The photo-ionization front at the later evolu-
tionary stage of PNe has been proposed to be responsible for the
fragmentation of shells (García-Segura et al. 2006) as well as an
interaction between a jet/collimated outflow with the circumstellar
envelope (Akashi et al. 2015).
Using the morpho-kinematical code SHAPE, we managed to
reproduce the central ring-like structure and its PV diagram assum-
ing a toroidal component whose major axis is at an angle of 107◦
with respect to the North. The torus expands with an absolute mean
velocity of 14±5 km s−1, comparable with the velocities found in
toroidal structures in PNe with [WR]-type nucleus (between 15-
30 km s−1; Akras & López 2012; Akras et al. 2015; Gómez et al.
2018) and in agreement within the errors to the velocity given by
López et al. (1997). If we take into account its angular size derived
from our SHAPE model of 7 arcsec and we adopt the distance of
2.88 ±0.86 kpc, a kinematical age of 3190±1090 years for the
torus is found (see Table 1).
Regarding the bipolar outflows, decline radial outflow veloc-
ity as a function of the distance from the nucleus is found, as can be
seen in Figure 6. This velocity law is uncommon in PNe given that
most of jets or outflows show a linear increase of velocity with dis-
tance (e.g. Riera et al. 2002; Vaytet et al. 2009; Corradi et al. 1999;
García-Segura et al. 1999). Nevertheless, a decline velocity be-
haviour has been reported in HH34 (Devine et al. 1997) and IRAS
18113-2503 (Orosz et al. 2018) which is attributed to interaction
of the outflows with the interstellar or circumstellar medium. This
arose our curiosity to explore these bipolar outflows as a string of
discrete knots rather than a jet. Making use of the HST [N II] 6584
image and the echelle PV diagram, four knots in the northern out-
flow and three knots in the southern are identified. The resolution
of our data may prevent the identification of more knots in the
outflows, while the current picture of knotty outflows is different
from the scenario of two elongated knots presented by López et al.
(1997).
The knots are moving outward with a range of expan-
sion velocities along the line of sight from −101 km s−1 to
160 km s−1, and a range of outflow velocities from −390 km s−1
to 365 km s−1. The significant decline of outflow velocity with re-
spect to the distance from the central star is also in conflict with
the bow shock model presented by López et al. (1997). Knot 2 is
moving outward with an expansion velocity of 160 km s−1, con-
siderably higher than the remaining three knots in the northern and
southern outflows and, according to the model, at an ejection an-
gle from the main axis also higher than those of the rest knots, as
illustrated in Figures 5(b), 5(c) and 5(d). This could be due to its
ejection from the nebula during the rotation of the PN, as explained
below. However, as it is shown in Figure 6, the outflow velocity
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Figure 6. Plot of the absolute outflow velocity of each knot with respect to
its distance along the slit, relative to the core of Hb4. The colors of the knots
are the same as in the SHAPE model. Knots with the same color constitute
a pair of knots, considered to have been expelled at the same time from the
core of Hb4. The dotted lines represent the best fitted lines obtained with
the least-squares method.
of knot 2 is consistent with the radial decline outflow velocity law,
which proves that it is travelling inside the same ISM as the rest
knots do and experiences the same deceleration. For the ambient
ISM, an isotropic gradient in its composition is assumed which ac-
counts for the slowing down of the knots from the moment of their
ejection.
The kinematical age of each knot in both outflows is estimated
for D=2.88±0.86 kpc. From the results which are assembled in Ta-
ble 1, two significant conclusions can be drawn. The first is that,
the knots in the pairs 1-7, 3-6, and 4-5 have the same kinematical
age, which implies that the knot in each pair expelled at the same
time. Knot 2, which as mentioned above, presents a displacement
relative to the positions of the rest knots, had no equivalent com-
ponent in the southern region included in slit S4 that could be con-
sidered its companion knot during the explosion from the core. So,
we selected from the HST image a knot (knot 8). Since this knot
was not included in slit S4, we could not have kinematical infor-
mation about it. Thus, we assumed that knot 8 has the same Vexp
and the same displacement parameter z as knot 2. Subsequently,
the other two spacial parameters (x and y) of knot 8 were measured
on the HST image and used in SHAPE. Using these assumptions
and information we calculated its kinematical age. Indeed, its age
is pretty much close to the age of knot 2, which allowed us to con-
sider that knot 2 and knot 8 is a fourth pair of knots in Hb4. The
second interesting comment regards a periodicity in the explosion
events that the pairs of knots appear to have, since, according to the
calculated kinematical ages, each pair of knots was expelled every
200− 250 years from the core of the PN. Given that the deceler-
Figure 7. [N II] 6584 emission line profiles of the knots identified in slit
S4, along with the profile for the torus of the nebula. In (d) both knots 3 and
4 are presented due to the difficulty to separate them because they are very
close to each other.
ation of the knots is present, the periodicity in the ejections could
not have been perceptible if the composition of the ISM was irreg-
ularly inhomogeneous. Thus, the isotropic gradient in its composi-
tion mentioned above is supported which causes the deceleration of
the knots, but also preserves the time interval between the motion
of the knots, i.e. they undergo a similar deceleration. However, it
should be taken into consideration that, the absolute values of the
kinematical ages could be lower if there was no deceleration of the
knots.
In Figure 7 the profiles of the seven knots found in slit S4 are
presented along with the profile of the torus of the PN. It should
be noted that there is a possibility that some of the knots might
consist of more than one sub-knots which cannot be clearly iden-
tified due to the spectroscopic resolution. Representative example
of nearby knots presented in the same profile, is that of knot 3 and
knot 4 as shown in Figure 7(d). A second common feature in these
profiles is the different background which is a clue for the inho-
mogeneity of the ISM that each knot encountered while travelling
outwards the main core, resulting in the various expansion veloc-
ities of the knots as presented in Table 1. In the torus profile, the
two peaks correspond to the northern and southern part of the torus
which is included in the slit S4, as this is shown in Figure 2(a).
The heliocentric velocities of these parts are −72 km s−1and −44
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km s−1respectively, while their expansion velocities are −13 km
s−1and 15 km s−1respectively (see Table 1). This difference in the
velocities is justified due to the inclination of the torus relative to
the line of sight. Thus, the absolute mean expansion velocity of the
torus has been calculated at 14 km s−1 along the line of sight.
The strong [N II] emission detected in these knots compared
to the value of the central parts implies some shock interaction
with the circumstellar envelope (e.g. Raga et al. 2008; Akras &
Gonçalves 2016; Akras et al. 2016; Akashi et al. 2015). By exam-
ining the high resolution HST [N II] image of Hb4, a misalignment
of ∼ 5 degrees between the northern and southern string of knots
is found. One possible interpretation for this, could be the ejection
from a compact disk around a star in a binary that received a "push"
by the wind from the other (p)AGB star (Huarte-Espinosa et al.
2013), which eventually caused this misalignment in the emission
of the knots. Another probable scenario could be a rotation mecha-
nism present in its central stars. Very recently, García-Segura et al.
(2014, 2016) have shown that surface rotational velocity could in
principle produce considerable asymmetries in these stars. Hence,
we suggest that each pair of knots was expelled from the core dur-
ing the same outburst and, due to the above mentioned possible
mechanisms, a few degrees of misalignment was created. Taking
into account the periodicity in the emission of knots, the scenario
of the rotating core is considered as most probable. This leads us
to the suggestion that Hb4 is the case of a rotating central star
which emits knots in an almost regular rate. Same mechanisms
have been proposed to explain the knotty curved jets detected in
NGC 6778 (Guerrero & Miranda 2012) or Fleming 1 (Boffin et al.
2012). Lopez et al. (1993) have shown that the North and South
strings of ionized knots in Fleming 1 PN could be generated by
globules of gas ejected from a bipolar, rotating source within the
core of Fleming 1. The BRETs scenario (Lopez et al. 1995) pro-
vides plausible explanation for the formation of the knots in Hb4.
All the above cases reinforce the hypothesis of a binary central sys-
tem for this PN. However, the possibility that the knots had been
shed symmetrically in the beginning, but the different ISM they en-
countered altered their velocity and inclination with respect to the
initial emission axis, cannot be ruled out yet and further kinemati-
calalal observations are needed.
Besides the bipolar knots, the presence of the fragmented torus
and the equatorial LISs may indicate of a PN formed via the com-
mon envelopes channel (Miszalski et al. 2009; Jones et al. 2014;
García-Segura et al. 2018). The fragmentation of the equatorial disk
or torus into knots and filaments has been revealed from high reso-
lution H2 images of the bipolar PN NGC 2346 with a binary central
system (Manchado et al. 2015). Akras et al. (2017) have also con-
firmed the presence of H2 gas in LISs embedded in NGC 7662 but
there is no direct confirmation of a binary nucleus.
The classification of Hb4’s central star as a hydrogen defi-
cient [WR]-type (Acker & Neiner 2003; Górny et al. 2004) makes
it unique since none of the known post-common envelope binary
systems in PNe has a [WR] companion. The dual-dust chemistry
reported for Hb4 (Perea-Calderón et al. 2009) is also one of ex-
pected outcomes for a binary nucleus with [WR] component. Hb4
also belongs to the group of PNe with high ADF(O2) (3.7; García-
Rojas et al. 2013) which may also related with the presence of a bi-
nary central system. Soker & Livio (1994) discuss the presence of
an accretion disk in PNe with binary central systems as one possi-
ble mechanism for the formation of highly collimated outflows/jets.
Jet interaction with circumstellar envelope can also lead to the for-
mation of an equatorial torus as in Hb4 (Soker & Rappaport 2000;
Akashi et al. 2015). Akashi & Soker (2008) confirmed that jets can
be responsible of equatorial ring, but with a mass significantly less
that the total mass of the nebula, otherwise an additional mecha-
nism is necessary for the formation of the torus e.g. common en-
velope interaction. An interesting point is the finding that the jets
appear to be younger than the torus in the hydrodynamic models
despite they are formed by the same event (Akashi & Soker 2008).
Indeed, the torus in Hb4 is found to be older than the knots (Table
1). In case of known post common-envelope PNe with binary nu-
clei, the toroidal component is younger than the jets (e.g. Ethos 1,
Miszalski et al. 2011). But, there are two more PNe (NGC 6337,
NGC 6778; Tocknell et al. 2014) in which the torus seems to have
been formed before the jets. The delay between the equatorial torus
and jets in Hb4 is of the order of 2000 years, comparable with the
delay measured in NGC 6778.
The multi-polarity of Hb4 is also a very interesting finding as
well as the various features which can be clearly seen in Figure
1. Rabaça et al. (2003) reported a faint secondary bipolar struc-
ture, close to the central part, aligned with the minor axis. Apart
from that, Hb4 also displays two more bow-shaped filamentary
structures in the northwest and southeast direction, formed prob-
ably from a different episodic event than those of the pair of knots.
No kinematical information are available for these structures, so it
is not possible to estimate the time they were formed. PNe with
multi-polar inner structures and knotty outflows like Hb4 have also
been found in other PNe (i.e. Palmer et al. 1996; Harman et al.
2004). All these structures, their inclinations and morphologies im-
plies that there have been a number of ejections during the lifetime
of this PN. However, further observations are needed (both high-
resolution images and echelle spectra) in order to measure proper
motions, velocities and the dynamical ages of these features and
confirm how many different sequential ejections have been made
providing valuable information about the formation and evolution
of this PN with a possible binary nucleus.
6 CONCLUSION
In this paper a morpho-kinematical interpretation of the structure
of the PN Hb4 is presented. We conclude the following:
(1) The two bipolar outflows of Hb4 are classified as string
of knots and characterized by the decline in their outflow velocity
relative to their distance from the central star of the nebula. This
deceleration is probably due to the interaction of the knots with
an interstellar medium which presents an isotropic gradient in its
composition, or nebular material in the vicinity of the nebula.
(2) In the northern and southern outflows, four and three knots
respectively were identified, each one of which travels outwards
from the nebula with its own expansion velocity, covering a range
from −101 km s−1 up to 160 km s−1. The knots seem to have
been expelled from the core in pairs, following a periodicity in the
explosion events of 200−250 years.
(3) By the use of the code SHAPE, the central part of the PN
was reconstructed as a torus, and found to have an absolute mean
expansion velocity of 14 km s−1 along the line of sight. The low-
ionization structures that the latter exhibits, indicate a common-
envelope PN evolution.
(4) The central part of the nebula is proposed to consist of
a binary system having a [WR] companion evolved through the
common envelopes channel.
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